Studies relating biodiversity to ecosystem processes typically do not take into account changes in biodiversity through time. Marine systems are highly dynamic, with biodiversity changing at diel, seasonal and inter-decadal timescales. We examined the dynamics of biodiversity in the Gulf of Maine pelagic zooplankton community. Taxonomic data came from the Gulf of Maine continuous plankton recorder (CPR) transect, spanning the years 1961-2006. The CPR transect also contains coincident information on temperature and phytoplankton biomass (measured by the phytoplankton color index). Taxonomic richness varied at all timescales considered. The relationships between temperature and richness, and between phytoplankton and richness, also depended on temporal scale. The temperature -richness relationship was monotonic at the multi-decadal scale, and tended to be hump-shaped at finer scales; the productivity -richness relationship was hump-shaped at the multi-decadal scale, and tended to be monotonic at finer scales. Seasonal biodiversity dynamics were linked to temperature; inter-decadal biodiversity dynamics were linked to phytoplankton.
The body of theory behind biodiversity comes predominantly from studies of terrestrial systems, where community assemblages generally do not change rapidly. These studies typically describe static macro-scale patterns. Studies of pelagic systems are less common, and there is evidence that biodiversity functions differently in this environment (Angel, 1993) . Pelagic communities are highly dynamic. Changes in community composition at diel, seasonal and inter-decadal timescales are common. At the diel scale, vertical migrators such as krill and mysids move between benthic and pelagic systems (Cushing, 1951) . At the seasonal scale, many species of copepods and chaetognaths enter a region through advective processes, appearing in significant abundances, but are not able to sustain a population indefinitely due to seasonal environmental conditions (Redfield and Beale, 1940; Heath et al., 1999) . Studies of marine systems provide increasing evidence that the temporal domain is important for biodiversity . Much of the motivation for studying biodiversity comes from a desire to understand how biodiversity might change due to changing climate or other anthropogenic disturbances. It follows that we should consider diversity as a dynamic variable, and examine ways in which it changes with time in relation to other dynamic aspects of the environment.
The energy -richness hypothesis is one that is readily testable in the time domain of marine environments. The hypothesis is that biodiversity is a function of the amount of energy in the system. This theory has been studied extensively on land, in the context of spatial variability. Strong relationships have been found between biodiversity and energy variables such as temperature, productivity, and evapotranspiration (Currie, 1991) , though the functional form of this relationship is not the same everywhere (Mittelbach et al., 2001) . Often, a unimodal or hump-shaped relationship exists between energy and richness, with peak richness occurring at intermediate levels of productivity. The positive relationship on the left side of the hump is likely due to resource limitation. There are a number of possible explanations for the negative relationship on the right side of the hump. At high energies, competitive dominance or consumer pressure may drive down diversity (Witman et al., 2008) , there may be scaling effects of environmental heterogeneity (Scheiner and Jones, 2002) , or there may be a mid-domain-like effect (Colwell and Lees, 2000) . This hump-shaped relationship is not universal, however. One interesting facet to the theory is that the energyrichness relationship appears to change depending upon spatial scale, with hump-shaped relationships appearing at large spatial scales, and monotonic relationships appearing at small spatial scales (Scheiner and Jones, 2002; Ni et al., 2007) .
There is a small body of literature on energyrichness relationships in the marine environment. Witman et al. (Witman et al., 2008) found that the relationship depended on spatial scale in benthic ecosystems, similar to the dependence on spatial scale found in terrestrial systems. Irigoien et al. (Irigoien et al., 2004) found a unimodal zooplankton diversity pattern relative to phytoplankton in a global collection of plankton data sets. However, there was no consideration of temporal changes in diversity, at either the diel or seasonal scales. computed copepod richness at seasonal and diel scales, and used differences in values as a guide for spatial partitioning of the ocean basin. Beaugrand et al. (Beaugrand et al., 2002) also identified a multi-decadal northward shift in the biogeography of copepod assemblages associated with trends in climate indices.
We are interested in the functional behavior of biodiversity in the time domain, across different temporal scales. For example, if biodiversity is a function of the energy in the system, does the level of biodiversity change in response to a change in energy? The Gulf of Maine continuous plankton recorder (CPR) transect provides an excellent data set for testing biodiversity theories in the pelagic environment. The data cover nearly five decades, are taxonomically detailed, and contain two proxies for energy: temperature and phytoplankton color. We used this data set to examine changes through time in biodiversity patterns, and in the energy -richness relationship.
M E T H O D
The Gulf of Maine CPR transect ( Fig. 1 ) crosses 450 km, and spans the years 1961 -2006, with 4113 samples. Over 100 zooplankton taxa are present in the data set. There are 53 taxa of copepods, most of which are identified to species, and all but one identified at least to genus. We focused on copepods due to their high abundance and importance in the pelagic system, and due to the higher taxonomic resolution in this data set. The inclusion of copepods not identified to species will tend to produce underestimates of biodiversity. However, the copepod classification system is standard for all CPR data sets, so that diversity estimates are valid for comparisons within CPR data sets (Beaugrand and Edwards, 2001; .
Two energy variables, temperature and phytoplankton color, are readily available for each CPR sample. Samples of temperature do not coincide exactly with biological samples because temperature was recorded by a bathythermograph, and the points of deployment did not align exactly with the sections of the CPR silk chosen for counting. For each biological sample, we averaged all temperature data within 20 km and 0.05 years ( 18 days) to obtain an associated temperature value. These dimensions derived from the modal distance between plankton samples (20 km) and the modal time between cruises (0.05 -0.1 years). There are no temperature data for the 1960s.
The second energy variable is the phytoplankton color index (PCI), which represents the amount of phytoplankton pigment on the silk. The index has four categories: no color (NC), very pale green (VPG), pale green (PG) and green (G). The value is assigned by visually comparing samples to a color chart, and converted to a numerical value from 0 to 6.5 based on spectrophotometric methods (Richardson et al., 2006) . PCI correlates highly with chlorophyll a derived from fluorescence and the Sea-viewing Wide Field-of-view Sensor (SeaWiFS), and is a good index of phytoplankton biomass (Batten et al., 2003; Raitsos et al., 2005) .
There are many indices for quantifying biodiversity. One challenge is that some species are rare. Ideally, a rarefaction statistical technique is employed to determine an asymptotic diversity value (Gotelli and Colwell, 2004) . This technique relies on repeated sampling of a community until there is statistical confidence that rare species have been represented, and that the diversity index represents the true diversity of the system. Because of the dynamic nature of pelagic ecosystems, however, their community compositions can change within a matter of hours through both physical and biological processes. This can confound attempts to resample a pelagic community, an effect which the CPR's small sampling volume compounds. Beaugrand and Edwards (Beaugrand and Edwards, 2001) addressed this issue by testing rarefaction of different biodiversity indices on a large CPR data set. They found taxonomic richness per sample to be the best index of asymptotic diversity for CPR data for a small number of samples, sufficient for use within a data set, scaling to asymptotic diversity by roughly a factor of 10. We used taxonomic richness per sample as a metric for biodiversity, considered useful only as an index for comparisons within the data set. Samples were clustered in a manner similar to that in Beaugrand et al. to account for biases in sampling frequency. A diversity value was computed for each sample. Values were then binned and averaged by time of day (day versus night), season (winter, spring, summer and autumn), and year, giving one diversity value for each bin. Day and night samples were separated using the times of sunset and sunrise at the location and time of each sample. There was a significant difference between day and night diversity values. The mean day time value was 3.0 taxa per sample, and the mean night time value was 4.2 taxa per sample (P , 0.001). Such a difference is expected due to diel vertical migration (Cushing, 1951) , where much of the zooplankton community leaves the surface during the day. Because our focus is on longer timescales, the energy-richness analysis was restricted to night time samples, when more of the community is present.
The analysis excluded coastal regions west of longitude 708W and east of longitude 668W, as these regions had significantly different zooplankton communities with significantly different biodiversity values. Within the included area, no spatial distinctions were apparent in the data, so we considered it a single contiguous region for this study. The restricted data subset consisted of 1788 samples.
The standard method for discerning energy -richness signals is linear and quadratic regression (Witman et al., 2008) . In all cases, 95% confidence was the criterion for statistical significance. The sequence of analysis presented here begins with the full 46 years and proceeds to finer temporal resolutions, breaking the data up by decade and by season.
R E S U LT S
There was a strong seasonal signal in all variables (Fig. 2 ). Diversity was low in the winter, and peaked near the end of summer. Temperature followed this trend closely, peaking somewhat earlier in the summer. PCI was strongly seasonal as well, with a peak at the beginning of spring. On an inter-decadal timescale, the most striking feature was a decadal signal in diversity, highlighted by an increase during the 1990s, lasting until 2001 (Fig. 3) . This increase was not present in the temperature time series, but there was a suggestion of an increase in the PCI time series, with significant increases near the beginning and the end of the 1990s.
The full data set showed significant relationships between both energy variables and diversity (Fig. 4) . Temperature showed a positive linear relationship (R ¼ 0.41, P , 0.001). The PCI showed a hump-shaped relationship, with intermediate PCI values corresponding to more diverse communities (R ¼ 0.20, P , 0.01). This second relationship is clearer when the PCI is divided among the four color categories (Fig. 4C ). When viewed by decade, both the seasonal trends and the energy-richness relationships were different (Fig. 5 ). In the seasonal cycles, temperature and diversity did not follow each other as closely as for the full data set. While the temperature cycle was consistent between decades, diversity peaked at different times of the year, and the peaks were not as well defined. For example, the 1990s had a rapid increase in diversity in April, and diversity remained high through the rest of the year. Significant temperature -richness relationships occurred for the 1970s, 1980s and 1990s. The 1980s and 1990s were both hump-shaped, with decreases in diversity in the warmest temperatures. This downturn was apparent but not significant (P ¼ 0.13) in the 2000s, and in the 1970s there were very few high temperature values. The PCI -richness relationships were not significant.
To remove the effect of the strong seasonal signal on the relationship, we broke down the data by season and repeated the analysis (Fig. 6) . The increase in diversity during the 1990s was apparent in all seasons, though strongest in spring, and much weaker in summer. The 1990s also had an autumn increase in PCI that was not present in the 1980s, though spring PCI values were lower in the 1990s than in the 1980s. There were no clear patterns in the temperature time series.
The energy-richness relationships were different when viewed at this temporal scale. No relationships were apparent for temperature. Winter and autumn had positive PCI -richness relationships (respectively: R ¼ 0.51, P , 0.01; R ¼ 0.42, P , 0.01). These appeared to correspond to the shift in the 1990s. Spring showed a hump-shaped relationship (R ¼ 0.46, P , 0.05). The downturn in the trend for high PCI values appeared to correspond to very high PCI values in the 1980s, the highest values found in any season. This P-value, while significant, is somewhat higher than the others, and one should be wary of possible effects of temporal autocorrelation. There was no significant PCI -richness relationship in the summer.
The high degree of scatter around these correlations is typical of energy -richness relationships (e.g. Scheiner and Jones, 2002; Irigoien et al., 2004; Witman et al., 2008) . This is enhanced by the fact that mean taxonomic richness per sample is a statistically significant but imperfect proxy for diversity in CPR data (Beaugrand and Edwards, 2001) .
D I S C U S S I O N
Diversity was dynamic with respect to diel, seasonal and inter-decadal timescales. The diel difference is likely the result of the well-documented diel vertical migration of many zooplankton taxa (Cushing, 1951) . It is more notable that biodiversity signals appeared at the seasonal and inter-decadal timescales, and that energyrichness relationships depend on temporal scale. The annual biodiversity cycle was strongly correlated with the temperature cycle, while the inter-decadal biodiversity signal was strongly correlated with phytoplankton biomass.
The relationship between temperature and biodiversity operated differently at different timescales. The temperature -richness relationship for the full data set was positive (Fig. 4A) . Such a pattern has been found over large spatial scales, where warmer temperatures are often associated with higher diversity (Roy et al., 1998; Rombouts et al., 2009) . In our case, the relationship was driven by the seasonal cycle, as the relationship disappeared when the data were divided by season. The temperature range within each season was restricted to roughly a quarter of the full range of temperatures, yet there was still high variability within each season. The absence of a relationship at the seasonal scale suggests that temperature anomalies have a weak influence on diversity.
When subdivided into decades, the linear relationship was replaced by one that was positive for low temperatures and negative for high temperatures (Fig. 5) . The seasonal signal showed the accumulation of taxa through the year, following the spring bloom; however, this pattern varied between decades. The troughs for both temperature and richness occurred in late winter, but the peaks did not coincide, as they did for the full climatology. This mismatch caused the downturn in the temperature -richness relationship for very high temperatures. One possible mechanism for this mismatch, and the resulting hump-shaped relationships, is a middomain effect across the temperature domain. That is, each species of copepod has a preferred temperature range. If a collection of ranges were randomly distributed across the temperature axis, the distribution as a function of temperature would have a peak at the middle temperatures (Colwell and Lees, 2000) .
An alternate, though possibly related, explanation for the association between diversity and temperature is that temperature is functioning as a proxy variable for the strong seasonality of the environment. The consistent temperature cycle in our data set aligns with consistent cycles in other properties of the system, such as stratification and photoperiod. Under this view, winters are more homogenous, and the onset of daily surface warming, stratification and productivity creates an increase in the niche heterogeneity of the environment, including vertical structuring, and phytoplankton and microzooplankton resources. The number of copepods then increases in proportion to the availability of different niches. This argument parallels Barton's (Barton, Fig. 6 . Inter-annual trends of PCI, temperature and biodiversity for each season. Energy -richness relationships for temperature and PCI. Only significant relationships are drawn (PCI-richness winter: R ¼ 0.51, P , 0.01; spring: R ¼ 0.46, P , 0.05; autumn: R ¼ 0.42, P , 0.01). 2010) explanation for the association between temperature and phytoplankton diversity. This hypothesis is consistent with the lag between temperature and biodiversity in the 1970s, 1980s and 2000s (Fig. 5) . With the onset of winter, the environment is de-stratified and homogenized, and copepod richness drops off.
At the inter-decadal scale, the PCI is more closely linked to biodiversity than in temperature. The dominant signal was a shift during the 1990s, with higher biodiversity and phytoplankton (Fig. 6) . The strong shift during the 1990s in the Gulf of Maine has been studied in depth in a broader ecosystem context (NOAA, 2009). Pershing et al. (Pershing et al., 2005 ) demonstrated a connection between gulf-wide freshening and shifts in the copepod community during the 1990s, and suggested evidence of potential impacts on fish stocks. Greene and Pershing (Greene and Pershing, 2007) hypothesized a bottom-up mechanism to explain the 1990s changes. They proposed that the increase in fall phytoplankton abundance was driven by increased freshwater flux from the Canadian Shelf and possibly the Arctic. The enhanced fall blooms then led to an increase in the abundance of most copepod species. Frank et al. (Frank et al., 2005) attributed a similar 1990s shift on the Eastern Scotian Shelf to a cascading effect caused by overfishing of ground fish. While there has been substantial work devoted to this decadal shift, the focus from a biological perspective has been on abundance and biomass. It is notable that the same decadal shift is observable using an ecosystem-level metric like taxonomic richness.
When broken up by season, this decadal shift appears unrelated to temperature, but significantly related to phytoplankton biomass. It is difficult to assign causation, as phytoplankton and copepods may impact each other in complex ways, though there is some room for analysis. The downward turn in the PCI -richness relationship was driven by the highest PCI values, which occurred only in the spring, during the 1980s, and corresponded to a time of low diversity. This was a time during which late-stage Calanus finmarchicus was highly abundant (Pershing et al., 2005) . Calanus finmarchicus is a large, dominant copepod in the region. It is possible that large spring blooms could favor an increase in C. finmarchicus abundance, leading to a situation where competitive dominance drives down biodiversity. During the 1990s, there was a significant decrease in the spring PCI values, and the appearance of a previously absent fall bloom. The extended period of productivity could reduce the competitive advantages of C. finmarchicus, which has adapted to long seasons of low productivity by spending winter in diapause (Johnson et al., 2008) . Alternatively, if we interpret these trends in the context of a seasonal cycle of niche heterogeneity, we can view the high fall and winter phytoplankton levels as a lengthening of the heterogeneous, high-diversity season. This lengthening corresponds with the longer season of diversity observed in the 1990s, with only a brief dip just before the spring phytoplankton bloom (Fig. 5) . The shift in the seasonal cycle persisted through the 1990s, amounting to the observed decadal shift in biodiversity.
A better understanding of these shifts in diversity requires a taxonomic extension of this analysis. For example, copepod predators such as chaetognaths also showed a significant increase during the 1990s in our data set ( personal observations), and it is likely that the phytoplankton community changed as well. Johns et al. (Johns et al., 2003) observed a shift during the 1990s in the diversity of phytoplankton on the Grand Banks. A decrease in winter species richness, from 14 to 9, was associated with the appearance of a dominant dinoflagellate, Ceratium arcticum. Underlying this shift was increased in freshening and stratification similar to the freshening in the Gulf of Maine. Additionally, a similar association between low diversity and a single dominant species was observed. While the changes on the Grand Banks are more indicative of a direct intrusion of Arctic waters, it would be valuable, particularly in the context of a cycle of niche heterogeneity, to examine whether a similar shift occurred in the Gulf of Maine fall phytoplankton community.
C O N C L U S I O N
Changes in biodiversity are usually described along spatial gradients. When they are described along temporal gradients, it is generally in the context of paleo-scale changes, or anthropogenic disturbance. Our understanding of biodiversity in the pelagic environment is complicated by the fact that biodiversity is a dynamic feature of the ecosystem. Diel, seasonal and decadal changes are normal aspects of the system. An understanding of the drivers of these dynamics will help our understanding of the manner in which biodiversity and ecosystem processes relate.
The strong seasonality of the pelagic environment in the Gulf of Maine appears to be a primary factor in determining the energy -richness relationships. The community assembles on an annual basis, so the intra-annual drivers of this response may be quite different from the inter-annual or inter-decadal drivers. The seasonal dynamics are linked to the seasonal cycle of temperature, while the inter-decadal shifts are linked to phytoplankton. It is probable that factors that typically play a role in energy -richness relationships also play a role here, e.g. competitive dominance and the middomain effect. The 1990s are often described as a period during which the Gulf of Maine ecosystem underwent an ecosystem-wide transition, with notable negative consequences such as reduced number of right whale calves (Greene et al., 2003) and reduced cod recruitment (Mountain and Kane, 2010) . It is notable, given the positive connotation typically assigned to high levels of biodiversity, that this was also the period of highest biodiversity for pelagic zooplankton.
A consequence of the dynamic nature of biodiversity is that relationships that link biodiversity to ecosystem functions may change with respect to temporal scale. This dependence on temporal scale is similar to the dependence on spatial scale, where, for example, energy-richness relationships may be either linear or unimodal, depending on the spatial extent of the domain. In the Gulf of Maine pelagic system, energyrichness relationships are dependent on temporal scale, using either temperature or phytoplankton color as a proxy for energy. This highlights the need to think about biodiversity as a dynamic variable in pelagic ecosystems.
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